[1] In a terrestrial magma ocean, the metal-silicate separation involved small metal droplets. Our goal is to better understand the dynamics of the metal droplet scenario. The mechanism of sedimentation in a vigorously convecting and strongly rotating magma ocean may differ significantly from settling droplets in a still fluid. In order to systematically study the parameter dependence on the style of motion we utilize two-dimensional and three-dimensional numerical convection models combined with a tracer-based sedimentation method. We investigate the characteristic flow patterns resulting from the competing effects of convection and droplet settling and find three styles of motion: a temperature-dominated style where most droplets remain suspended, a droplet-dominated style where the droplets separate from the fluid, and a style of repetitive motion. We find that the droplet-dominated style is relevant to the magma ocean. In this scenario the droplets settle and form a dense bottom layer. One of the key findings of this work is that the formation of the dense bottom layer, and therefore the separation of metal droplets from the liquid silicate, occurs on a characteristic timescale, which is identical with the Stokes' settling time. Finally, we study the chemical interaction of settling metal droplets and liquid silicate and discuss how accurately a simple parameterized model can describe the chemical equilibration in the metal-rain scenario of a terrestrial magma ocean. We find agreement between the parameterized model and our two-dimensional model. Our simulations, which include thermal convection into the metal-rain model, confirm the fundamental observation that metal droplets are not permanently suspended in the convecting silicate melt, but that they sink and rapidly form a dense layer at the base of the magma ocean.
Introduction
[2] Most of Earth's mass and energy was acquired through bombardment of the proto-Earth by planetesimals during the last accretion stage [Canup and Agnor, 2000] . During this late heavy bombardment period one or more highly energetic impacts have occurred on early Earth [Gomes et al., 2005] . The impactors had likely undergone a magma ocean phase, resulting in compositionally layered planetesimals [Greenwood et al., 2005] .
[3] Giant impacts released enough energy into proto-Earth to increase interior temperatures by thousands of degrees [Walter and Trønnes, 2004] . This caused substantial melting and consequently the formation of terrestrial magma oceans [e.g., Benz and Cameron, 1990; Tonks and Melosh, 1990] . Strong support for the existence of one or more terrestrial magma oceans is given by the high degrees of metal-silicate equilibrium, which connects core formation to the physical separation of liquid metal from molten silicate [Kleine et al., 2004] .
[4] The mechanism for metal-silicate segregation considers settling metal droplets in a liquid silicate magma ocean [Stevenson, 1990; Karato and Murthy, 1997; Rushmer et al., 2000; Rubie et al., 2003] . Metal droplets approximately one centimeter in radius settle rapidly with Stokes' settling velocity toward the base of the magma ocean. From there diapirs, which may have been on the scale of tens of kilometers [Ziethe, 2003] , descend and transport metal to the core. This metal-rain model can explain the concentration of moderately siderophile (iron-loving) elements in Earth's mantle which result from the chemical reaction of metal and silicate in a magma ocean [Rubie et al., 2003 ].
[5] For the metal-rain scenario, Rubie et al. [2003] use simplified one-dimensional parameterized models to investigate equilibrium metal-silicate fractionation. In one of these models metal droplets fall with a constant settling velocity. During this settling process they chemically equilibrate with the ambient silicate. At first glance this model seems to describe the metal-rain scenario well. The relatively dense metal-droplets sink in the less-dense liquid silicate. However, a closer look from the fluid mechanics' point of view may yield a different perspective. Vigorous, potentially turbulent convection could possibly prohibit or prolong gravitational differentiation [Stevenson, 1990; Tonks and Melosh, 1990] . Longer residence times for metal-droplets can significantly alter the chemical signature embedded in the mantle material.
[6] Previous work considering gravitational settling of particles in magmatic environments has assumed simple styles of convection [e.g., Weinstein et al., 1988; Rudman, 1992] . However, parameter estimates [Solomatov, 2000; Rubie et al., 2003] place the extreme conditions of a terrestrial magma ocean in the regime of turbulent convection [Solomatov and Stevenson, 1993c] . Another shortcoming of numerical models consists of hitherto neglected mechanical inertia [e.g., Weinstein et al., 1988] . While neglecting mechanical inertia is a valid approximation for today's viscous mantle material it is not applicable for the low viscosity material of a molten magma ocean. Furthermore the effect of rotation might influence the style of differentiation to a large degree. The effect of Coriolis forces has not been systematically investigated in previous studies on the thermo-chemical evolution of a terrestrial magma ocean [Tonks and Melosh, 1990; Spohn, 1991; Solomatov and Stevenson, 1993a , 1993b , 1993c Abe, 1997; Solomatov, 2000; Rubie et al., 2003 ].
[7] We consider the above mentioned effects of vigorous convection, rotation and finite inertia in order to better understand the fluid dynamics of metal-droplets settling in a magma ocean. Initially we explore the behavior of dense finite-sized particles in convection. Of special concern are the flow characteristics and their parameter dependence. One important question concerns the timescale of metal-silicate separation. We discuss how accurately the metal-rain scenario can be represented by models that neglect rotation and inertia. We also assess the viability of the metal-rain magma ocean model as a mechanism of metalsilicate separation. Finally we investigate the chemical equilibration between small metal droplets and liquid silicate and compute core-mantle partition coefficients for nickel. We compare the results from our numerical studies with the onedimensional metal-rain model.
Metal Droplet Model
[8] In order to investigate the dynamics of metalsilicate separation in a magma ocean setting we construct a mathematical model that subsequently will be solved numerically. Here we describe the model approach.
[9] Metal droplets are more dense than silicate melt and thus will sink with respect to the ambient silicate. It can be shown that the stable size of a falling metal droplet over the relevant range of silicate melt viscosities is constant; the stable droplet diameter has been predicted to be 0.8-1.0 cm [Rubie et al., 2003] . Consequently, the terminal settling velocity is predicted to be 0.46-0.55 m/s À1 , which is an order of magnitude smaller than the expected convective velocities [e.g., Solomatov, 2000; Rubie et al., 2003].
[10] The silicate melt can be described by the governing set of differential equations in a threedimensional Cartesian geometry. These consist of the conservation of momentum equation
the heat transport equation
and the conservation of mass for a Boussinesq fluid
whereũ, t, P, T,ẑ denote the velocity, thermal diffusion time, pressure, temperature and the vertical unit vector, respectively. The Prandtl number
is defined as the ratio of viscosity to thermal conductivity. The Rayleigh number
expresses the ratio of buoyancy forces to diffusive and viscous forces, where g, and d respectively denote the acceleration due to gravity, the thermal expansion coefficient and the length scale (height) over which the temperature difference DT is maintained. The Taylor number
is a non-dimensional number that quantifies the rotation, where W denotes the angular velocity. The buoyancy number B is the ratio of the density variation due to metal droplets to the thermal density variation.
C is the droplet concentration computed from the distribution of metal droplets. In a given volume V i , the droplet concentration C i is defined as
where N i is the actual number of droplets in V i and N max is the maximal number of droplets in V i . N max is the ratio of the droplet volume to the volume of V i .
[11] In order to solve the momentum equation we have used the Boussinesq approximation, that the density variation is very small compared to the average density. However, for metal droplets in liquid silicate as studied in this work, the density variation is 0.5 < D/hi < 0.85. In consequence two more terms are introduced into the momentum equation, both of which are proportional to the Prandtl number. It will be shown in the next section that for a magma ocean the Prandtl number is many orders of magnitude smaller than the Rayleigh number. Due to this parameter imbalance the additional terms would not contribute to first order to the leading terms in the momentum equation. Because these terms are additionally very expensive to compute, they will be neglected here.
[12] Another non-Boussinesq term in the heat transport equation is connected to the heat release due to gravitational settling. Heat dissipation will occur within a droplet itself and in the surrounding liquid silicate. The resulting temperature increase will cause adiabatic decompression in both, the metal and the silicate. This effect is about equally strong for the metal and the silicate, because the respective products of density and thermal expansion coefficient are about equal. Therefore neglecting this effect does not alter the balance within the buoyancy term significantly. In order to keep the model relatively simple, we have neglected this term in the heat transport equation.
[13] The above mentioned simplification could only be overcome by using a two-phase formalism as introduced by Ricard and Bercovici [2003] , but this is beyond the scope of this work.
[14] The numerical scheme employed is twofold.
The above mentioned equations are solved using a finite-volume-based convection model [Trompert and Hansen, 1996; Schmalzl and Hansen, 2000] . For treating the metal-droplets we use a method developed to advance and settle finite-sized particles in fluid motion [Höink et al., 2005] . In this scheme metal-droplets are advected by the fluid's local velocity and settle with a velocity of
where v S°i s the terminal Stokes' settling velocity and a is the droplet radius. f(C) is the hindered settling function; it summarizes the hindering effects on settling that arise from the presence of other droplets and from the upward return flow of the interstitial fluid [Huppert et al., 1991] . f(C) decreases monotonically between f(0) = 1 and f(1) = 0, indicating that only droplets in clear ambient fluid (C = 0) will settle with the terminal settling velocity. We compute f(C) using the formula
which was proposed by Richardson and Zaki [1954] and experimentally verified by Garside and Al-Dibouni [1977] .
[15] Due to the droplets' finite size two more free parameters enter the model; one is the dimensionless droplet radius a (in units of d) and the other is the droplet volume fraction F M . The droplet volume fraction is defined as the ratio of the volume taken by the droplets to the total volume, and is thus equal to the average droplet concentration.
[16] For timescale we use the settling time t S , which is defined as
The settling time is the time it takes a droplet to sink with the terminal settling velocity in the absence of a temperature gradient.
Parameter Values for the Metal-Silicate System
[17] The model setup uses six independent parameters, which are listed in Table 1 for reference. It should be noted that the Prandtl number may be lower by an order of magnitude based on recent viscosity measurements [Liebske et al., 2005] . We have used the upper limit because it allows shorter computation times compared to the lower Prandtl number.
[18] The parameter estimates for a magma ocean give the magnitude of the terms in the momentum equation (equation (1)). The buoyancy term is directly proportional to Pr Ra, whereas the Coriolis term is only of order Pr Ta 1/2 . The Coriolis term is thus orders of magnitude smaller than the buoyancy term for the estimated parameter values of a magma ocean. Furthermore, the viscous term is of order Pr which is smaller by several orders of magnitude than the Coriolis term (Pr Ta 1/2 ). With the suggested values we therefore obtain the relation
Consequently, considering the buoyancy term (together with the time-dependent term, the advection term and the pressure term) yields a good first order approximation to the magma ocean scenario.
[19] When additionally the Coriolis term is considered, care has to be taken to appropriately balance the buoyancy and the Coriolis force in the numerical simulation. A measure of the buoyancy/Coriolis balance is given by the convective Rossby number [Gilman, 1977] Ro
For large values (Ro ) 1), convection feels very little effect of rotation, whereas for small values (Ro ( 1) the effects of rotation are strong. With values from Solomatov [2000] and Rubie et al.
[2003] the convective Rossby number for a terrestrial magma ocean can be estimated to
This value indicates that rotation does not strongly influence the dynamics of an early terrestrial magma ocean.
[20] We are able to compute solutions to the above mentioned equations for relevant values of B, F M and Pr. The size of the droplets is limited; the lower bound is due to computational demand, since smaller droplets require a larger number of droplets for a given volume fraction, whereas the upper bound is connected to the resolution of C. Since C is computed from the droplet distribution at each cell, the average number of droplets per cell needs to be large enough (and accordingly their radius small enough) to allow the resolution of gradients. In other words, droplet radii should not reach the same order of magnitude as the cells defined by the numerical resolution. In our simulations the droplets are too large by several orders of magnitude compared to estimates for the stable droplet size in the magma ocean. This is potentially problematic because the Stokes' settling velocity may be dramatically overestimated. For a terrestrial magma ocean, the Stokes settling velocity is estimated to be about 0.5 m/s [Rubie et al., 2003] . Convective velocities strongly depend on the assumed viscosity and have been estimated to be between 3.3 m/s and 11.6 m/s [Rubie et al., 2003 ] without considering the stabilizing effect of metal droplets. This estimate, in the context of metal-silicate separation, should therefore be seen as an upper limit. With these estimated values, the ratio of the Stokes settling velocity to convective velocities in a terrestrial magma ocean is about 0.07, and possibly larger. The velocity ratio in our simulations (where we measure the rms velocities in the final states after metal silicate separation) varies between 0.03 and 1.6, depending on the specific parameters. In consequence, our velocity ratios deviate in the worst case by a factor of 23 from the velocity ratio estimated for an early magma ocean. This is a suitable first order approximation, considering the uncertainties in the estimates.
[21] The estimated values for the Rayleigh number (buoyancy) and the Taylor number (Coriolis) in a magma ocean cannot to date be achieved in numerical simulations, because the flow structures become too small to be resolved. However, it is possible to appropriately balance the buoyancy force and the Coriolis force, which allows one to capture the flow characteristics of the metalsilicate system. By setting the convective Rossby number to the estimated value we obtain the appropriate balance and can study mechanisms that are potentially relevant to the metal-droplet scenario.
[22] The buoyancy term consists of the thermal density variation (Pr Ra T) and the density contribution due to metal droplets (ÀPr Ra B C), both of which scale with Pr Ra. A given volume with temperature T and droplet concentration C will therefore be buoyant for (T À B C) > 0, and negatively buoyant for (T À B C) < 0, independent of the Rayleigh number. Clearly, the buoyancy number B is an important parameter. While in our simulations we cannot reach the very large Rayleigh number that is estimated for an early magma ocean, we are able to appropriately balance the thermal density variation and the density contribution due to metal droplets by considering a realistic buoyancy number.
[23] In this work we are primarily concerned with the dynamics of the metal-rain scenario in a terrestrial magma ocean. Therefore a detailed parameter study would be useful for the characterization of the systems' behavior. Unfortunately, an elaborate study of all six parameters is highly impractical; this is especially true for three-dimensional model computations. For this reason we utilize the two-dimensional model, which allows us to systematically study a subset of the parameters. Our strategy is to investigate the system's characteristic behavior for various values of Ra, B, F M and a with multiple model computations in two dimensions. We then will verify the results with a selected number of three-dimensional model computations. Furthermore, using the three-dimensional model, we will investigate the influence of rotation. In the two-dimensional model we have to neglect the Coriolis term due to the lack of dimensions to carry out the cross product. Additionally inertial effects are neglected in the two-dimensional model. Schmalzl et al. [2004] have demonstrated that for small Prandtl numbers (Pr ( 1) the flow structure and global quantities of two-dimensional and three-dimensional simulations do not agree. The Prandtl number of a terrestrial magma ocean is estimated to be Pr % 2.7, possibly smaller. However, following the results of Schmalzl et al. [2004] , it appears pointless to attempt a twodimensional simulation at finite Prandtl number.
[24] Consequently, the conservation of momentum equation in the two-dimensional model is
[25] For both models the temperature is held fixed at the upper (T = 0) and lower (T = 1) boundary. Implemented in the two-dimensional model are noflux boundary conditions at the vertical boundaries; all boundaries are stress-free. The three-dimensional model has periodic conditions at the vertical boundaries. In this model the horizontal boundaries are also stress-free.
Dynamics of Settling Metal Droplets in Convective Silicate Liquid
[26] In order to study characteristic flow patterns we explore parts of the six-dimensional parameter space. First we focus on the plane spanned by the buoyancy ratio and the Rayleigh number. The critical Rayleigh number Ra crit , i.e., the Rayleigh number above which convective motion exists, depends on the strength of rotation [Chandrasekhar, 1961] . A better comparison of model computations with different rotational power is therefore achieved by introducing the supercritical Rayleigh numberR
[27] In a first study we vary the buoyancy number B for different supercritical Rayleigh numbersR, covering four orders of magnitude. Figure 1 shows where these model computations lie in the plane spanned by B andR.
[28] We find three different classes of fluid motion: temperature-dominated convection, where the droplets are merely advected with the flow, droplet-dominated motion, where the flow structure is given by the distribution of droplets, and an alternating case, in which both styles alternate.
[29] The parameter estimates suggest that to a good first approximation buoyancy is the dominant driving force (see equation (14)). This is modeled in the two-dimensional model, which we use to efficiently perform two more studies. In these studies we vary the droplet radius and the volume fraction, respectively. We choose to vary the particular parameter along an orthogonal line in parameter space through the alternating case depicted in Figure 1 .
[30] We choose a supercritical Rayleigh numberR sufficiently high to allow vigorous convection (R = 1521). The buoyancy number B is chosen so that the density variation due to droplets is larger than the thermal variation (B = 2.3). In the investigation of the volume fraction's influence on the dynamics of the metal-silicate system we use a droplet radius that is small compared to the height of the convection cell (a = 1.6 Â 10 À3 ) and vary the volume fraction F M from 0.1 to 0.9 in increments of 0.1 For the investigation of the influence of the droplet size we set the volume fraction to F M = 0.4 and vary the droplet radius a from 5.2 Â 10 À4 to 2.0 Â 10
À3
. In the entire range the droplet radius remains small compared to the vertical extent of the convection cell. Because we are using the faster 2-D model for both studies, the effects of rotation (Ta = 0) and finite mechanical inertia (Pr = 1) are neglected.
[31] Both studies confirm the existence of the three classes of fluid motion mentioned above. In the following three sections we will show typical representatives of each class and describe their characteristic properties.
Temperature-Dominated Cases
[32] Typical for the temperature-dominated case are the model computations with volume fractions of F M = 0.1-0.3 and a droplet radius of a = 1.6 Â 10 À3 . Here convective motion is driven by the temperature while the droplets are passively advected with the flow. Snapshots of the temperature field T and the droplet distribution C of the final state of such a computation are shown in Figure 2 . Also shown are time-averaged profiles for the three cases with small volume fractions. The temperature field shows a typical convection cell. Its profile indicates small boundary layers at the bottom and top of the cell and an almost constant interior temperature. This indicates a flow resulting from simple thermal convection. The interior temperature increases slightly (7%) with increased V compared to the purely thermal case, i.e., the case without droplets. This may be related to the energy required to advect the droplets. The horizontally averaged profile of the droplet concentration shows that the droplets in the interior are distributed around F M . Deviations to lower values exist in top boundary layers whereas bottom boundary layers show increased values. This is due to droplet settling in these regions, where vertical convective velocities decrease toward zero. The snapshot of the droplet distribution suggests that the droplets are randomly distributed.
Droplet-Dominated Cases
[33] In the droplet-dominated cases we find the flow structure of the temperature-driven convection to be strongly influenced by the distribution of droplets. The imposed temperature difference is large enough to drive convection; however, in contrast to temperature-dominated cases, convective motion is unable keep the droplets suspended. Instead they form a dense bottom layer and a very dilute top layer. Both layers convect vigorously with some degree of heat and droplet flux across the interface. In a magma ocean one would expect the droplets to coalesce with each other to form a metal layer. The central question that we address is whether the metal droplets will be suspended in the convecting silicate or whether they will sink to the base of the magma ocean. A proper description of coalescence is beyond the scope and aim of this work. A typical droplet-dominated case can been found for a volume fraction of F M = 0.4 and a droplet radius of a = 2 Â 10 À3 . The emergent layered structure can be seen in the snapshots of the temperature and droplet concentration of the statistical stationary state displayed in Figure 3 . Also shown are horizontally averaged profiles of temperature and droplet concentration, which have additionally been averaged over time. The profiles indicate that the top layer has an average interior temperature of 0.18 and an average droplet concentration of 0.07. Due to the droplets in the upper layer, the bottom layer is slightly smaller than the volume fraction, which would be the expected value if all droplets were contained in the bottom layer.
Alternating Cases
[34] At values for the volume fraction of F M = 0.4-0.6 and a droplet radius of a = 1.6 Â 10 À3 a delicate balance is achieved between destabilizing effects due to the applied vertical temperature difference and stabilizing effects due to dense droplets. Past the initial transient we find a repetitive cycle of motion that evolves around layered convection. Time-averaged profiles of temperature and droplet concentration suggest that two layers form a primary structure, around which alternating motion can evolve (Figure 4 ).
[35] We will illustrate the alternating behavior with the case F M = 0.5, for which we show snapshots of the temperature and droplet concentration as well as their horizontally averaged profiles in Figure 5 . The cycle begins when two convecting layers have developed, as shown in Figure 5a . Vigorous convection keeps the droplets mixed throughout each layer. The position of the interface between the droplet-rich lower layer and the droplet-poor upper layer can be identified by the step visible in the droplet concentrations profile at z = 0.48. Convective motion in the upper layer is strong enough to entrain droplets from the lower layer. Consequently, the concentration of droplets in the upper layer increases. When in the upper layer the stabilizing effect of the droplet concentration overcomes the destabilizing effect of the temperature difference, a droplet-free layer forms at the very top of the cell (Figure 5b ). This newly formed top layer is purely conductive. The interface that divides this dropletfree top layer and the droplet-poor layer below sinks and momentarily constrains convective motion to the two layers below. Continued settling of droplets in the now less vigorously convecting middle layer transports droplets to the bottom layer, which consequently increases the droplet concentration. The step in the droplet concentrations profile is now located at z = 0.57 (Figure 5c ). The interface between the small top layer and the middle layer has reached a critical height, so that the top layer has begun to participate in convection and has merged with the middle layer (Figure 5c ). In this newly formed upper layer the concentration of droplets decreases compared to the one at the beginning of the cycle (Figure 5a ). Consequently convection becomes more vigorous and begins to entrain droplets back into the upper layer (Figure 5d ). The droplet concentration profile in Figure 5d indicates a higher concentration in the upper layer. Due to the droplet transport from the lower layer into the upper layer, the size of the lower layer decreases. Consequently the upper layer increases. This leads to more vigorous convection, which in turn entrains more droplets into the upper layer. Finally, a critical concentration in the upper layer is reached (Figure 5e ) and the stabilizing effect of the droplets overcomes the destabilizing effect imposed by the temperature drop across the upper layer. From this point the cycle is repeated. [36] The cyclic behavior is well captured by the time series of diagnostic parameters. One of these parameters is the average droplet settling velocity, normalized by the terminal settling velocity hv S i/v S°. Figure 6 shows a time series of the settling velocity for the case F M = 0.5. Also depicted in this figure are the times for which snapshots are provided in Figure 5 .
[37] The comparison of the droplet concentration profiles in the upper layer for the times shown in Figure 5 to the average settling velocities shown in Figure 6 reveals a correlation. It appears that an increase in droplet concentration in the upper layer correlates with an increased average settling velocity. Figure 7 shows this correlation for the times mentioned above. Note that time labeled ''b'' was neglected, because at that time the upper layer was subdivided, causing a non-constant profile. The correlation between droplet concentration and average settling velocity can be understood in terms of hindered settling; for large ambient droplet concentrations the effective settling velocity is reduced. Therefore regions with large concentrations do not contribute significantly to the average settling velocity. Additionally, regions with very small droplet concentrations do not contribute significantly to the average settling velocity. The reason for this is the small number of droplets that is by definition connected to small concentrations. Therefore only regions with a small to medium droplet concentration can contribute significantly to the average settling velocity.
[38] To best clarify why the top layer with a small to medium droplet concentration correlates strongly with the average settling velocity, we consider an idealized situation, consisting of a layered system. Both the top and the bottom layer feature a homogeneous droplet concentration, a small concentration C 1 in the upper layer and a large concentration C 2 in the lower layer. The concentrations are based on the total number of droplets in each layer, N 1 and N 2 , respectively, so that N 1 + N 2 is the total number of droplets. From equation (9) the normalized average settling velocity can be written as
Since the concentrations depend linearly on the number of droplets (C i / N i ), we obtain
Apparently, each layer contributes to the average settling velocity with an amplitude proportional to C f(C). This contribution function, which is plotted in Figure 8 , reveals a broad peak with a maximum for C = 0.164 and an almost linear decrease, which is reduced at about C = 0.6. For values of C > 0.8 the contribution function levels off toward zero. For our case, the concentration in the lower layer is above 0.8; consequently, droplets inside the bottom layer do not significantly contribute to the average settling velocity. Due to the peak at small to medium values for C, which is the range of values found in the upper layer for the times shown in Figure 5 , droplets in the upper layer contribute the most to the average settling velocity. Therefore the variation in droplet concentration in the upper layer 
Validity of the One-Dimensional Parameterized Metal Model
[39] In order to investigate whether a full numerical solution of the droplet-silicate system can be replaced by a simpler model that uses averaged values, we consider the normalized average settling velocity. This diagnostic parameter is related to the hindered settling function f(C). The hindered settling function is computed from equation (11) for each droplet in order to evaluate its appropriate settling velocity. With the time-average of equation (9) the effective hindered settling coefficient f eff can be defined as
where the overbar denotes the time average and h.i denotes the average over all droplets. The settling velocity for an individual droplet is denoted by v S and v S°i s the terminal Stokes' settling velocity. Equation (21) establishes that the normalized average settling velocity v S h i/v S°e quals the effective hindered settling coefficient. The effective hindered settling coefficient has been computed for the nine cases where the volume fraction F M was varied between 0.1 and 0.9 at a droplet radius of a = 1.6 Â 10 À3 . The resulting values are plotted against the volume fraction F M in Figure 9 . The effective hindered settling coefficient exhibits an exponential decay with V for small and medium volume fractions (0.1 V 0.6). This can be seen in Figure 9 where the dashed line follows the fit exp (À6.23 V ). In contrast, the Figure 5 . effective hindered settling coefficient deviates from this fit toward lower values for V > 0.6. Also plotted in Figure 9 is the hindered settling function against the volume fraction. It can be seen that the effective settling coefficient coincides with the nominal hindered settling function only for the temperature-dominated cases. These are the cases with a low volume fraction that exhibit a Gaussian droplet distribution. Only for these cases does the following relation hold.
In non-temperature-dominated cases the effective hindered settling coefficient is larger than the nominal hindered settling function. Since the effective hindered settling coefficient equals the average settling velocity, the deviation must result from the values of the individual settling velocities. An explanation can be found in the top layers that exist in the non-temperature-dominated cases, where the droplet concentration values range from C = 0.1-0.6. It can be seen from the contribution function Cf (C) in Figure 8 that droplets contribute most to the average settling velocity when the ambient droplet concentration is in this range.
[40] Concluding we find that only for the temperature-dominated cases can the effective hindered settling function and therefore the normalized average settling velocity be predicted by the nominal hindered settling function. In consequence, for cases with large volume fractions as in droplet concentration-dominated scenarios, the use of average values appears problematic. These cases especially require investigation with the full numerical model in order to obtain a solution of the underlying equations. It should be noted that a system can be dominated by the droplet concentration not only due to a large volume fraction but also due to a large buoyancy number. This is the case for the metal droplet scenario in a terrestrial magma ocean, where the metal volume fraction is = 0.13 and the buoyancy number is B = 37.5.
[41] We have performed computations with systematically varied parameters and find three styles of convection; temperature-dominated convection, droplet concentration-dominated motion and cases where both styles alternate. These three styles display the characteristic behavior of the general system of suspended metal droplets in liquid silicate. With the knowledge about the dynamics of the general system we will now focus on the magma ocean setting, which is a case of droplet concentration-dominated convection. Specifically, Figure 8 . The contribution to the average settling velocity is based on the ambient droplet concentration. Note the broad peak around C = 0.164 and the long tail toward higher concentrations. we will set the buoyancy number B and the volume fraction F M to match the magma ocean estimates.
Dynamics of Metal-Silicate Separation in a Terrestrial Magma Ocean
[42] Of special interest for the understanding of the droplet-silicate system are the final states and the times required for them to appear. The time during which the metal-silicate system remains in a transient state is largely dependent on initial conditions. However, the conditions immediately after the formation of a magma ocean are not well constrained. Therefore our strategy is to use two end-member conditions so that we can be confident that the real initial condition was somewhere in between. For the first two scenarios the twodimensional model has been used. In scenario 1 we allow the droplets a maximal stabilizing influence by initializing the droplet concentration as an uniform distribution of droplets throughout the cold silicate melt. In the second scenario (scenario 2) we allow the temperature a maximal destabilizing influence by initializing with an adiabatic gradient. The droplets are initially contained in the top fifth part of the system. The droplets' excess density is expected to promote the onset of convective motion.
[43] For the first two scenarios we use small droplets that are significantly more dense than the ambient silicate liquid. The resulting value for the buoyancy number B matches the magma ocean estimate (B = 37.5). Also reflecting the magma ocean estimate, the volume fraction F M is smaller than in the previous computations (F M = 0.123). We neglect rotation (Ta = 0) and mechanical inertia (Pr = 1). For each scenario we perform three model runs with different Rayleigh numbers. The complete set of parameters used for these scenarios are listed in Table 2 .
[44] For each scenario we find that the evolution toward the final state and the final state itself are similar among the three model runs with different Rayleigh numbers. We will therefore only discuss in detail the cases with the highest Rayleigh number, i.e., run 1C and run 2C of Table 2 .
[45] For the first scenario (run 1C) we show the snapshots of the temperature and the droplet concentration along with their horizontally averaged profiles in Figure 10 . Initially the silicate melt is cold (T = 0) and the droplets are distributed evenly throughout the silicate liquid (Figure 10a ). Due to basal heating an instability develops at the bottom boundary (Figure 10b) . The droplet concentration profile shows small deviations from the mean value at the top and bottom. These deviations are due to the settling of droplets. Temporarily, the distribution of droplets produces a stable stratification which outweighs the thermal attempt to initiate convection. Figure 10c shows the resulting temperature profile, which is dissimilar to a convective profile. The droplet dominance can be explained by the large buoyancy number, which dominates the buoyancy term in equation (17) even for small droplet concentrations. As the droplets sink, a droplet-free layer appears at the top. The sharp interface between this top layer and the dropletfilled layer below is visible in the droplet concentration snapshot and in the droplet concentration profile. Also visible is a droplet-enriched bottom layer. Continued settling of droplets enlarges this bottom layer as droplets are transported downward. Consequently, the droplet-free top layer increases. When this top layer reaches a critical depth, convection begins. The temperature profile in Figure 10d indicates convection in the upper layer and conduction in the bottom layer. The two layers are clearly divided by the droplet concentration interface. The final state is reached when all droplets have settled and form a dense layer at the bottom (Figure 10e ). The layered structure is still well represented in the profiles and in the temperature snapshot. The bottom layer remains conductive whereas the upper layer exhibits vigorous convection.
[46] The temporal evolution can be displayed with the time history of diagnostic parameters. Figure 11 shows the time history of the Nusselt number which measures the actual heat transport normalized by the heat transport due to conduction. It can be seen that the statistically stationary state is reached after about 2 settling times.
[47] Scenario 2 (maximal destabilizing initial conditions) yields the same final state as scenario 1 (maximal stabilizing initial conditions). Its evolution is shown with snapshots of temperature and droplet concentration and with their profiles in Figure 12 . The droplet-rich layer at the top ( Figure 12a ) causes a gravitational instability. In consequence the droplet-laden liquid descends quickly in a large slab-like structure (Figure 12b ). This happens on a timescale that is much shorter than the thermal diffusion time, so that the temperature is unable to equilibrate the resulting gradients. Warm and cold silicate melt is not mixed at this time (Figure 12c ). The droplets form a dense bottom layer, in which they settle while the temperature increases (Figure 12d ). In the upper layer excess heat is diffused before convection is initiated. The final state (Figure 12e ) resembles the final situation in scenario 1: a convecting, droplet-free layer overlies a conductive, droplet-rich layer. The time to reach the final state in scenario 2 is much shorter than in scenario 1 (Figure 11 ).
[48] For the third scenario we use the threedimensional model to incorporate the effects of inertia and rotation. The parameters used are listed in Table 2 . In order to obtain the appropriate balance of buoyancy and rotation we vary the Taylor number for different Rayleigh numbers. For run 3C we show snapshots of temperature and droplet concentration along with their horizontally averaged profiles at different times in Figure 13 . For initial conditions we choose an almost linear temperature profile, upon which a small perturbation is added. The droplets are distributed evenly throughout the silicate, which is indicated by the average value of the droplet concentration profile (Figure 13a ). The inversion of the temperature occurs via a complicated transient state, during which the droplets begin to settle (Figure 13b) . The droplet concentration profile shows a decreased abundance of droplets at the top boundary and an increase of droplets at the bottom boundary. As droplets continue to settle a small droplet-free layer forms at the top boundary. The interface to the droplet-laden layer below can be identified in the droplet concentration snapshot and in the droplet concentration profile (Figure 13c ). The temperature profile suggests convection in each layer. The temperature snapshot shows small convection rolls in the top layer and a homogeneous temperature distribution in most of the lower layer. At the bottom of the lower layer a small warm layer is visible, which correlates with the dropletenriched bottom region.
[49] This bottom layer grows with time due to continued droplet settling. Likewise, the top layer grows, reducing the size of the middle section with intermediate values for droplet concentration and temperature (Figure 13d ). Convection keeps this region well mixed in terms of temperature and droplet distribution. The final state is displayed in Figure 13e . The bottom layer contains all of the droplets. Their dominant contribution to the liquids density prohibits convection. In contrast, the droplet-free top layer exhibits vigorous convection as is indicated by the temperature profile.
[50] We perform another computation (run 4) which we will compare to run 3C. In contrast to the previous computations, in which the predominant force has been buoyancy (Ro = 3), this scenario balances the forces due to buoyancy and rotation (Ro = 1). In order to achieve this balance we use a lower Rayleigh number while we keep all other parameters fixed (see Table 2 ). This increases the relative influence of the Coriolis force. Since the Coriolis force in our model is parallel to the vertical unit vector, we expect an increased amount of motion connected to vertical vortices (toroidal motion). The ratio of the energy due to toroidal motion to the total kinetic energy is a diagnostic parameter that has been computed for run 3C and run 4. The results are shown in Figure 14 . It can be seen that the time-averaged value in the final state is significantly higher for run 4, which confirms our expectations. From Figure 14 it can also be seen that the final states for either run is reached after a few settling times.
[51] The temporal evolution of run 4 is comparable to that run 3C. We therefore omit a detailed description. The final state displays the same structure as the previous scenarios which is a conducting bottom layer, that contains all of the droplets, and an overlying convecting layer.
[52] While the final states of the performed computations resemble each other, differences between them can be observed. For all four scenarios we show in Figure 15 the horizontally averaged temperature profiles, which have also been averaged over time in the final states. The profiles for the first two scenarios are indistinguishable (Figure 15a ). For these cases only the initial conditions differ, while the chosen parameters are identical. This suggests that the final states are independent of initial conditions and transient states and depend solely on the chosen parameters. As stated before, the temperature inside the top layer is lower than for pure thermal convection. Consequently, the droplet layer at the bottom must be responsible for restricting the heat transfer. In the bottom layer the droplets' contribution to the density dominates over the temperature's influence; this imbalance prohibits convection. Therefore heat transport in the bottom layer occurs via conduction only. We Figure 14 . Ratio of the energy due to toroidal motion to total kinetic energy in percent against settling time for (a) run 3C and (b) run 4. The average in the final state is denoted by a horizontal line, and its value is listed inside the graph. Note the increased value for run 4, where the forces due to buoyancy and rotation are of the same magnitude. Figure 15 . Horizontally averaged profiles of the temperature, which are also averaged over time in the final states for (a) scenarios 1 and 2 and (b) scenarios 3 and 4. All droplets have accumulated at the bottom and form a dense layer. The profiles indicate a convecting top and a conducting bottom layer. The interior temperature of the top layer is lower than for purely thermal convection. This decrease is more pronounced for larger Rayleigh numbers and also for smaller values of the convective Rossby number. observe that the temperature decrease inside the upper layer is stronger for higher Rayleigh numbers. When including inertia and rotation (scenario 3) we obtain analog results. The decrease in the upper layers interior temperature can be seen in Figure 15b .
[53] The comparison of the temperature profiles of run 4 (14 Â Ra crit , Ro = 1) to run 3C (113 Â Ra crit , Ro = 3) can also be seen in Figure 15b . Decreasing the Rossby number by means of reducing the Rayleigh number leads to a slightly increased temperature in the upper convecting layer.
[54] From the results above we conclude that the separation of metal droplets in a silicate liquid takes place in a droplet-dominated scenario. The droplets settle and form a dense layer at the bottom. Their stabilizing density contribution dominates over the temperatures destabilizing contribution. Consequently the bottom layer remains conductive. In contrast, the larger top layer convects vigorously. For all reported scenarios we find that the settling time provides a characteristic timescale. The separation of metal droplets from silicate liquid occurs on this timescale. Additionally final states are reached after only a few settling times. The settling time for a magma ocean on early Earth can be computed with estimates from Rubie et al. [2003] , who find the characteristic droplet diameter to be about 0.5 cm. Assuming a deep magma ocean (1000 km) the settling time could be on the order of weeks.
[55] Accordingly, the separation of metal-droplets from silicate liquid in a terrestrial magma ocean was a very rapid process. Almost immediately after the formation of a magma ocean a dense bottom layer forms that contains most if not all metal droplets. From this layer large diapirs are created due to Rayleigh-Taylor instabilities. They subsequently descend through the solid silicate mantle toward the center of early Earth and constitute its core. Our results on the dynamics of metal-droplets settling in silicate liquid as relevant to a terrestrial magma ocean fit well into the larger picture of core formation.
Chemical Equilibration of Nickel During Metal-Silicate Separation
[56] In this section we investigate the chemical interaction between metal droplets and silicate liquid. We focus on the equilibration of nickel partitioning as outlined in the droplet model of Rubie et al. [2003] , which we review here briefly.
[57] The mass fractions of the metal and the silicate are denoted by F M and F S , respectively, such that
The mass fractions are locally computed from the droplet concentration C, using the metal density (7800 kg m À3 ) and the silicate density (3750 kg m À3 ). The initial nickel concentrations are C M°= 32700 ppm and C S°= 42 ppm.
[58] Since the metal droplets are very small, the equilibration process can be assumed to be instantaneous. With the bulk composition
the equilibrium metal concentration C M eq and the equilibrium silicate concentration C S eq can be computed, respectively, with
and
where D is the metal-silicate partition coefficient. Much experimental effort has lead to a better understanding of how D depends on temperature and pressure and on the oxygen fugacity. For simplicity we approximate D as a function of depth, so that it resembles Figure 7 of Rubie et al. [2003] . It should be noted that we do not use a realistic coefficient in terms of oxygen fugacity or other variables.
[59] In this study we perform a total of seven numerical computations as listed in Table 3 . For the first five runs (N1-N5) we utilize the faster 2-D model. Runs N6 and N7 use the full 3-D model for comparison and verification. All runs are in the parameter regime for droplet-dominated convection.
Initially the droplets are uniformly dispersed.
[60] In order to assess the influence of the metalsilicate partition coefficient on the final results we compare simulations with a realistic depth dependence D 1 (z) with simulations using a constant coefficient D 2 and an unrealistic depth dependence D 3 (z). Figure 16 shows the three depth dependencies. [61] For the first three runs (N1-N3) we prescribed the different depth dependencies for the metalsilicate partition coefficient in vigorous dropletdominated convection. A profile of the initial nickel distribution is shown in Figure 17 together with the time-averaged profiles in the final states. All three runs share the predominant feature of a well-pronounced metal bottom layer. This is indicated in Figure 17 by the nickel composition profiles, which were averaged over time after layer formation.
[62] The sharp gradient marks the interface of the bottom metal layer and the silicate layer above. Differences for the three different depth-dependent partition coefficients are visible in the silicate layer.
The constant value (D 2 ) results in an almost constant profile. In contrast, the use of the unrealistic partition coefficient, D 3 , results in a monotonically increasing bulk nickel concentration from the metal-silicate interface toward to the top (z = 1). The profile resulting from the most realistic choice of partition coefficients, D 1 , suggests that in a small region just above the metal-silicate interface the nickel concentration is larger than directly at the interface. Further toward the top the nickel concentration decreases and reaches a constant value in the top region.
[63] We have computed an effective core-mantle partition coefficient D*, which is defined as the ratio of the average nickel content in the metal layer divided by the average nickel content in the silicate layer. The resulting values are D* 1 = 36, D * 2 = 20 and D * 3 = 17. These values differ by a [64] The runs N1, N4, N5 (Table 3) only differ in the vigor of convection. Each run shows the characteristic behavior of droplet-dominated convection. In the final state the metal has formed a layer at the base of the magma ocean underneath a silicate layer. Similar to the previous runs most of the nickel remains in the metal phase, which can be concluded from the time-averaged profiles of the bulk nickel concentrations shown in Figure 18 . Furthermore, the metal-silicate interface of the run with the lowest Rayleigh number, i.e., the least vigorously convecting case (N5), is spread out over a range in which the sharp interfaces of the other two cases coincide. The metal-silicate segregation in the low Rayleigh number case is therefore not as thorough as in higher Rayleigh number cases. The resulting effective core-mantle partition coefficients for the higher Rayleigh number cases are D* 1 = 36 (N1), D* 4 = 40 (N4), and D* 5 = 39 (N5). The small deviations are due to the broad boundary region between the metal bottom layer and the top silicate layer, which add the difficulty of defining the exact location of the interface.
[65] In runs N6 and N7 we use the parameters of run 3C and run 4, respectively, in a threedimensional model. The horizontally averaged profiles of C B are shown in Figure 19 . In good agreement with the previous results from the twodimensional model, the three-dimensional model verifies that the nickel accumulates in a stable metal bottom layer. This is due to the separation of most metal droplets from the silicate liquid. Only a small droplet concentration remains in the upper silicate layer as a result of equal rates of droplet settling and entrainment. The remaining concentration is much smaller in the threedimensional cases compared to the two-dimensional cases. This is an intrinsic consequence of the flow structures. Schmalzl and Hansen [1994] have found that mixing properties of passive tracers are very different in two-dimensional and three-dimensional convection:
The cylindrical boundary layer instabilities in three-dimensional convection are volumetrically less significant than the roll-like boundary layer instabilities in two-dimensional convection. We have observed this also for active tracers (i.e., dense droplets). Therefore fewer metal droplets, and thus less nickel, are entrained back into the upper layer in three-dimensions. It is expected that large scale features (roll convection in two dimensions and square-cell convection in three dimensions) disappear for very large Rayleigh numbers, and that the flow types converge. The smaller rate of entrainment into the silicate layer results in a lower bulk nickel concentration within the silicate layer in the three-dimensional cases. Furthermore, the profile is not constant inside the silicate layer, but it shows a well-pronounced minimum around z = 0.6.
[66] We now compare our results to those obtained by the simple one-dimensional model by Rubie et al. [2003] (Fractionation model 1). In this model, metal droplets fall with a constant velocity while they chemically equilibrate with the surrounding silicate. Finally, all metal accumulates at the base of the magma ocean. This model neglects the convective return flow of silicate liquid which may enhance droplet suspension times, and, which is possibly more important, the formation of a metal layer with finite depth at the base of the magma ocean.
[67] We have computed the bulk nickel concentration for this model, where we use D 1 (z) as the depth dependent metal-silicate partition coefficient. The resulting profile is shown in Figure 20 together with profiles of run N1 and N6 for comparison. The profile resulting from the one-dimensional model shows a monotonic decrease in the bulk nickel concentration from the top to the bottom of the magma ocean. The effective core-mantle partition coefficient, computed as the ratio of the nickel concentration in the metal (C M ) to the nickel concentration in the silicate (C S ), is D* R = 37.
[68] The core-mantle partition coefficients resulting from our two-dimensional model are in good agreement with the effective partition coefficient from the one-dimensional model. This is a likely consequence of the fact that the numerical results on the style of metal-silicate separation confirm the assumptions made in the one-dimensional model, i.e., the metal-droplets sink toward the base of the magma ocean within a few Stokes' settling times.
[69] In conclusion we have performed numerical simulations with two-and three-dimensional models that solve the underlying fluid dynamical equations and compute the equilibrium concentrations of nickel in the metal-silicate system. We compare the results to the simple one-dimensional model utilized by Rubie et al. [2003] and find that the bulk nickel concentration resulting from the twodimensional model agrees with the effective coremantle partition coefficient obtained by using the one-dimensional model.
Conclusion
[70] In this paper we have investigated the dynamics of metal droplets suspended in silicate liquid. Depending on the particular choice of parameters we have observed three different styles of convection: temperature-dominated convection, where droplets are merely advected with the flow, droplet concentration-dominated convection, where the flow structure is given by the droplet distribution, and an alternating style of motion, wherein temperature-dominated convection and droplet concentration-dominated convection alternate.
[71] The droplet concentration-dominated style has been identified as relevant to the conditions of a terrestrial magma ocean. In this scenario droplets settle and form a dense bottom layer. Their dominant contribution to the silicate melt's density prohibits convection in this bottom layer. Heat is only transported across this bottom layer via conduction. In contrast, the droplet-free top layer exhibits vigorous convection. The formation of the dense bottom layer occurs on a characteristic timescale, which is the settling time. Consequently the separation of metal from the liquid silicate due to settling droplets needs to be recognized as a very rapid process.
[72] For the separation of metal from silicate in a terrestrial magma ocean [Rubie et al., 2003] have suggested a differentiation scenario in which small metal droplets sink with a uniform velocity in liquid silicate. In their study on metal-silicate equilibration they used a simple parameterized model to describe the settling process. In order to assess whether the simple model describes the behavior of metal droplets in a strongly rotating and convecting silicate liquid, we have investigated the droplet concentration-dominated scenario in more detail. We have performed computations with two-and three-dimensional convection models, where we also included the factors rotation and inertia. For all performed computations we find that the time for metal-silicate separation is on the order of the settling time. Our numerical studies confirm that the suggested metal-rain scenario is a possible mechanism for the physical separation of metal from liquid silicate.
[73] We have performed numerical simulations with two-and three-dimensional models that solve the underlying fluid dynamical equations and compute the equilibrium concentrations of small metal droplets settling in silicate liquid. For the final states, i.e., after metal-silicate separation, we have computed the core-mantle partition coefficients as the ratio of the average nickel concentration in the metal layer to the average nickel concentration in the silicate layer. The core-mantle partition coefficients obtained from the two-dimensional model agree with those obtained from the parameterized model. The numerical simulations, which include thermal convection into the metal-rain model, confirm the fundamental observation that metal droplets are not permanently suspended in the convecting silicate melt, but that they sink and rapidly form a dense layer at the base of the magma ocean.
